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Wo hava dov^pod a modeling and moasursmont framsviRitk 
(or assossino tronspoit of conlamhiatod soBs and M m m 
poitlcukita8lntoannidoncQ,thoirstibsoqu8n(disliibulioniRdoarB 
via rosusq^oitsion and doposillon procossoa; and mmival by 
cloanine and buSding exhalalion of suspandad paitides. The 
model oxplldily acoounis lor (ha fbmiafhin of house dust as a 
mixluro of orgonic matter (OM) such as shad skin eoOs and 
organic libais, s d irackedHn on footiNear, and paillculale matter 
(PM) dorhnid irom tlie infBiratlon of outdoor air. We derived 
iorauiias fbr use vvith measurements of inofganie conteminanis, 
cruslol tmcorsi 0 ^ arid PM lo quanlfly sejacted transport 
parameters. AppDcallon of Iho model to resldenicas bt (he U.Sw 
Midwest hidicaUiS Ihat As In amUent air can account for 
nosily 80% of (ho As input (o floor dust, wiih soO lrack-bi 
ropresonting (ho romaindar. Historic data on Pb contambtatioi 
in Sacramonio, CA, wara usod to reconslruct sources ol Pb 
fai bidoor dust, showing (hat airitome Pb was iOcely die domlnaM 
source in (lw eari/ I980SL Itowevar, as airbome Pb tavais 

and track'in evonhialty bacamo (he primary sources of Pb in 
housodust 

lOtlwlliGtlOII 
liwnjanlccoiuamiiuuiiscan inlgiBto to Indoor envinmnienis 
vlo liiniirailon of outdoor air containing suspended PM and 
imck-in ofsoil odhettng (o footwear U, 2i. Bxamples inchide 
(lie (nuurer of conlaminanis into liouses derived Trom 
nlniospliortccnilsslons (9 and metolsassodaled with mining 
u)ierallons (4 . Aflor onteitng a residency Inorganic sub
stances present In soU and airborne partides become 
Incorporotixi Into household dusts, whtch serve os a primary 
reservoir for sucli substances (S)> Young children con have 
olovntcd conlanilnoni exposures because they cxlilbtl be-
haWore thai Increase bKilroct Ingeslion by ivoy ofliond-to-
motilhactlvlltcsmidinoudilngorvartousdutit-contamhiated 
objects, and Ingest dust al rates (hat are greater than adults 
on a iMKly-wcighl basis (£). For contomhiants such os As and 
1% ImUrcct ingestion often constitutes the prindpal oxposura 
inodmnism for children 14, 7i, and tluoofore health-risk 
assessments need to address tnuisport mechanisms Ihdt bring 
contamhmnts Indoors as well as the fadoh (hat Influoiue 
contaminant concentrations on contact surfaces Indoors, 
orsiiccial interest ore fracdonatlon/dflutlon processes ap
plicable 10 soil/dust parttoies tliat odiiere to iiands and 

*Cwiis|iandliis author o-maSa iibcamei^nuULarixoiuuNlu: 
nlwiie: (320) 020-0«ni liax: (S20) 020-8009; nwOIng oildissa: 1293 N. 
Motlln Avo, l>,0. Box 2462ia 'rUcton. AZ 85724. 

footwear and Ihe linplicattons for soil/dust sainplhig. It Is 
also Important to dioracterise reioiiondilps between con
taminant souroe terms and outdoor-to-litdoor Imnspprl 
processes to design, Implement, and evaluate measures for 
managing iieolth risks at contamhiated sites (agn Superfund 
sites). 

Conceptual ftomeworics (3.6) and models for simulating 
transport processes Involvingcoiitanilnated soils and Indoor 
dusts Imve been presented iiy several hivestlgators (/, 0 - i<9> 
These studies, however, were not specifically designed to 
support assessments of dennal contacts with hmise dusts 
containing inorganic substances derived ttom bodi outdmnr 
air ond exterior soils. We luve dierefore devised a modelfaig 
and measurement rnuneworic to address tho primary expo
suro media hi residences related lo indirect ingestion, 
consisting of floor dust and dust fall faindhig on horizontal 
contact surfaces. Because of (ho key role of house dust as 
both a transport and exposure medium, we nhnulate Its 
formotten as wdl as its redlstributton Indoon via resuspen
sion and deposition pntpessos and removol by cleaning. To 
guide the process -of modd panunetrlzation, wo present 
equations that ore used hi cotijunctton with dte-spedflc 
measurementsofinorganlcsulistances hi iudoor and outdoor 
iiiedhi to quantliy modd parameters liivolvlng partldo 
transport and building propolles. We olso conduct senslUv-
Ity/uncertalnty analyses to identiiy whteh porometen bove 
the greote^ Impact on modd pruUctlons. 

Motliods 
Movement of inorganic substances to (lie indoor environ
ment and subsequent btcoiporatlon ond redistribution in 
Indoor dusts, as deplded bi Figure 1, Is govemed loigdjr by 
human activities, tlio built environment, and the nature aiid 
sources of outdoor contaminadon. Trade-in of soil on 
(botwcar, foraxamplOi fs a transport pathway that is 0 ftmction 
(rf the number of adults in a hotisdiold, oinount of Ibne 
children spend outdoors, etc. UD- In addition, walking and 
oUier activities resiispend floor/carpet partides to indoor 
air, widdi ore then redeposlted on hidiwr surfaces and vented 
ttom tlie liouse via oir exchange processes (i). Cleanbig 
acllvitlesremovBdustaccumulatioiisonhidoorsurfiK»3(and 
also resuspend/redislribute dust), but thdr frequency and 
effectiveness varies accoiding todeonlngdovtees used, types 
of floor surfeoes il2i, and ciconingbehaWors of residents. As 
the duration between deonhigoctivlties bicreoses, Roor dust 
loading (Lc mass of dust per wilt surface area) Increases, 
OS does resuspension of floor particles because of Increased 
mass of resuspendaUc floor dust 

Rdevant characteristics ofthe buflt environment affoctbig 
(ho flux of suspended outdoor partides to indoor air indude 
the air exdiange mto of a IUMISB and efleclhreness of tlie 
building shell in filterhig out airtiome particles. PUteni bi oir 
handling units will dso remove suspended PM. lodoor air 
volume (determined by cdllngiteiglil and floor area) controls 
hi part the (tredictcd concentration of airborne particles, 
Floor area hifluences die mognltinle of diist toadhig ond 
retention on floors. Partides penetrathig tlie bufldhig shell 
are subsoqucnUy deposited onto iiarlnmlal surfaces or vented 
from the housb Tlie chemical coinposiUonofbothsuspended 
dusl and dust fUl is a fkutctlon of particles (hat have 
penetrated (he buiidhigsheU and par(hdesresuspended fhnn 
(ioor surfaces-which ore a mix of partides Aroin uocked-in 
soln iiuloor sources of OM, and dcposlled partides derived 
fh>m outdoor oir. 

Ttronsport Rdationsiilps. The transfer oT hiorganic sub
stances in outdoor oir and soil to tho interior ofa lesldence. 
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nOURE 1. (Soaosptaol dlaoraoi dspiotlao (fas ouvomool of eoaloniOBtod soil and alriwroe paiticulalos bito a resUeoee, sobsaqseat 
miidno widi otgaiilo auttor hi itaor dntt, rodbtrlbutioo bideois vhi rosaspensioa. and ranmni by deaaiag aad exluialhui witli 
baUdbig dr. Ihe variaUos ara daOnod as (etiows: CIN Is tbo Orst-otdor paidde reoiovd rato Irom floors due (o oissdno ocdviltei, R 
is tbo rosoipanstoo rota of floor psrtlolos to indoor ob, Dr is dio rata of dust (di to floats, FM i* (bo Rnx ot orgaolo oiattoi onto lleor 
surfaoos, T| Is lbs rale el soil traek-ia oa footwear inlo a nsidenoo, Aoli is tbe dr oxobango lalo; ood v, aad v« are flm owan 
doposldoa velooitlos for rosuspanded parihiles and eatdeor*dori«ad ab partlelos, lospeotlvoly. 

aiui theb' subsequent falo in indoor dus( can be formukitcd 
08 a tWD-conipnrtmoiit model consisting of on oir compart-
nunit ihiked to o lloor comportment via resuspension and 
deposhion processes. We iiove deflned a syslem of time-
varying inoss-bdaiico rdationships Ihat simulate dust fall 
and llio bulk accuinukillon and loss of partides on floor 
surfaces together wl(h.(ho associated concentratkin of on 
Inorganic contomlnant/troccr In tiioso exposure medio (See 
Stiiiporting InfonnaUon for derhntion). PM entering die 
buioor onvtroiinieiit is assumed to be unUbmity mixed In 
tlw indoor oir ofa luturaily.vcnlilalcd resittenco ond evenly 
distributed on floor surfaces. Emissions of submicromotcr 
partides from sinoMng and cooking represent minor con-
irlbutorB (o dusl duo to thdr low deposition loss rates U3i, 
and tliorofora they ora not addressed In tlie model. Wo deflne 
tho fl(U of OM lo ihion as a lumped parameter to represent 
the hiput of lint, skhi particles, oiganlc flbors, ibod debris, 
etc. tu floors. The concontrollon (gg'') of OM in dust os well 
ns son and airborne I'M Is operadoiuDy deflned by (ho mass 
his8onignitton(/4). 

As a moans of examining iho transport processes ad
dressed bl the inass-bahince relationships, wo Itnve dertvc<l 
steady-stole solutions for selected model parameters. The 
moss loading ofdust on floor surfaces (Mfi in g n\'*) under 
steady-slate condhions is o Amctlon of (a) tninils to floor 
Surfitccs flnoin die trock-hi of soils on footweor, OM fluxes 
fhmi indoor sources, and the deposition of suspended dust, 
and (b) romoval by dooning aiid resuspension. or 

Mf i ' 
T.4-PoM + DpxA(, 

A„(R t- CLN) U) 

whore T*is the rato of sol) track-In on footwear to a residence 
Ig d~i): Poa Is tlio fliDt ofOM onto floor surfaces (g d"'); Dr 
Is Iho rate ofdust foil to (loors (g ni~' d~'); Ao Is (he floor orca 
ofa residence (in*); RIs die resuspenslonmte of floor partides 
to Indoor afar fd'*): and CLN deflnes Ihe flrst-order partteto 
rouiovd rale flroin floors duo to dconlng odivitlcs (d*'). The 
ccjuat lun for ddennlnlng tiie rate of dust Can indoors is given 
liy 

Dr' 
P«Ach'II«TSP„ 

*„ + 
R-M« 

(Ach'II + VJ " (Ach'II + V,) 7»r (2) 

Tiio flrs( (erm ropresen(s (ho deposition of ouldoor-derived 
1*M Ihot penetrates die buUdfaig shell, where Adi Is the oir 

exdionge rate (d'*) for a residence; TSPo is totai suspended 
PM In outdoor air (g m~^; H Is the celflng hdglit (m); P Is 
tlu) dbncnsionless penetratton Dtctor roprosenthig the partide 
roniovd efflciency of the buUdhig shefl (wliere 0 < P £ 1); 
and Ve Is the mean deposition vdoclty (m d~') of outdoor-
derived PM settlbig onto floors. The second (erm in eq 2 
quontiflos die deposition rote of oirbornc dust generated by 
Iho resuspenslan of floor dust by human odlvitics (La, 
wofldng. cleaning, vacuuming etc.), where v. Is llie mean 
deposition vdodty (ni d~') of resuspended dust settiing on 
floors. Tlie dust fail rate can also be ciilcufaited as the product 
of (he concentradon of TSP in Indoor ab (dono(ed TSPin In 
g nr*) and die mean deposKIon velocKy of suspended dust 
partides (denoted Vb In m d~'), that Is, Dp« TSÎ B x Vw 

The concentration of an outdoor-derived luoiganlc 
substance in dust fail, denoted CJi im K"*)' 's given 1^ 

Ach'II'Cjpj,'P'TSP„«v.(Ach'H + »,) + 
c;i'M,|'R'V,(Ach-H + ffp) 

Ach«H'P'TSP„'V„(Adi«H+V,) + Mn'R*V,(Adi«H + VJ 
(3) 

where Cfqtjt is d>a bulk concentration of die substance in 
suspended ouidoor oir partides (pg g~') ond Ch is its 
concentration in floor dust (rfgg~'), whidi canbecdculated 
from 

Cji = 
V.(Ci„*Pom + <5*TJ + Ach-Il(C;-T. + 

A„-P'q;„o-TSP„-yj 
"ifP-o + T. + Ach-Ao«P«TSP„'H) + Kdi-Wf, , + TJ 

(4) 

where Q fai (he concentration of tho substance In outdoor 
sofl [fig g~') and dm, is Its concentration In OM Uig g~'). An 
dteniotive equation for determining Mn titat does not use 
Dr as on Input parameter Is 

M„ = 
(«?, + A c h ' F D ( V F o « + T J + 
A c h ' H t F ^ -I-T. -i- An-P 'TSP„ 'y j ) 

A,K9„ + Ach • H)(CLN(», + Adi • H) -I- R • Ach • H) 
(5) 
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Tile iiroduct of Cfi and Mfi represents dw loading of a 
substonco on floor surfaces, denoted Wh (p^ m~1. 

Gontombiaitt biputs/outputs for Oooa On /<g d' ' ) via 
doposllfain from outdoa^derived ab- PM (detioteti U*^) phis 
soO tracking ONtao) and subsequait removd by building 
oxiiafadfani of resuspended partides (0UT«|J and deanfaig 
(0(n\b) are cdculatod fttrnt diese fomuitas: 

Ach 'P ' I l 'C i , 
" ^ •^ ° (9.tAch.H) ^ ' ' •^ ' (6) 

(7) 

M||*Cn'R 
Q " ^ « ^ ' ' ( V . " A d . . l l ) ^ - " - ^ ' ' « 

0WTA, = CLN.An.M„.q, (0) 

where C3b fai diocontamhiont concentradon In d r V/giii'^ and 
ctpiab 0;,^, X TSP.. 

ParaniolerBsllnia(lon.SowrdparainetecBbioiaranalytlcd 
fonnidatkm cannot bo mctuured dbectly or are othoiwise 
dlflicub to quantify. Wa havo therefore devdoped a series of 
fomiidas (Imt can bo used in conjiuiction wilh dte-spodflc 
measunmuniuiofcnisud soli tracers or biorganiccantamfauuiis 
in Imtuor and uulikMnr inedki along widi TSP hnrels hi bidoor 
imd ouidoor dr, dust toadhig on fkmis, rale af dusl IhU, and 
cdflng h d ^ t . if die ab exdiange rate for reskionccs can be 
stiedflcd, thon tlio peiujtretlon iactor hi cakukitcd os 

.̂ _ iycs , - c?,) -Adi-H-Tspjc?, - c ; , v 
Acb'i i .TSp,(c; ,pj , -q,) 

Ofliorwise, If P can be spcdfled. tlion 

(10) 

Adi 
TSPto-"(C}i - CipjJ + P . H ' T S P , ( C ^ - CJ,) 

(11) 

Tlw resuspoiuion rate, given P caicukited from cq 10, Is 

Dp h Ach'HfTSPte - P'TSPJ 
U< 

M f i 
(12) 

DeposKIon voiodty es(bna(cs for outdoor-derived par-
ttelos and resiispendmi partides indoors jiro 

v„ = -

V,' 

P><c5,-c?p 
TSiycJ , -C^^ 

Tsiyci^ - cVta) 

(13) 

(14) 

DudmeflsurementsordiecuncenlratlonsofOMandbiotganfa: 
substmices fl.a, cnistd trocois and/or coiiumihiants) in buioor 
iaidoutdoorinedto(ogoHiorwirtida(aon biilldbig properties, 
TSPaandVoCmibeusediotldennhwtheOMfluxtofloorsand 
(he soil (rack-bi rate: 

Ach-A„-H'P-TSP„'V„(c;(cS" - cs;j.o) + 

1 nm 
(9„-l-Acli-H)(Qa-cr) + 
Q{c?»-i)+<i,(cr-cr)) 

Ach'A„-H-p-Tsp„v„(q'^,{i - q n + 
Cii(CCx>-') + Qa i (Cr -CS.J ) 

( V , - I - A c h • H ) ( q , ( l - ( ? " ) + 

c;(cs» - i ) + c u c r - CJT)) 
(10) 

wliere Cjf, C7", and CSj> ore (he conccntratfcnis of OM bi 
f faxir dust, soil, and ouidoor TSP (g g~'X 

SoU Rcsnspenston Model Contombiants depodted onto 
surfldal, undisturbed soils are subject to redistribution via 
acoUon resuspenston I15i, whidi constitutes .a polentkl 
source tenn for Ihe indoor environment due to Infiltration 
of suspended partides ocrosstheexteriorshdiofareddencd. 
Ingetieral. resuqiendon decreases widi dme as Ihe deposited 
contaminant undeigoes weathering processes (og.. Incor
poration of the contaminant within a soli mottbc, verticd 
migrolton bl sofl, etc) dint reduces the erodafamty of 0 surfidd 
soil contamhiant. Tlw concentration of a soU containbiant 
in air duo to resuspension can be determbied from UQ 

Q n ^ C l ' S , (17) 

(15) 

wliero Cb is (ho concentration of a sofl conlambiani hi 
ou(door afar (ftg m'*i, Cl is ttw acciimufaited deposition ofa 
contaminant per unit surface area of soU {pg m~*i, qnd Si fai 
(lw resuspension lador (m~M. Tho vdue of Q con be 
cakufaKod as (he product uf Ct dw sofl depth applicable to 
nssuspenslon, d (m). and sofl density, p (g m*^. Por aged soU 
sources the vdue of Sr is approximate^ 10~" m~' (IQ. 

Modd AssessmenL As o means of andydng tiw factors 
controlling transfer of sofl and airbome contamfaiants to 
nisidenlfad envlrotunenta^ wo used die assessnient Oromework 
to reconstrud transport medianlsms assodated with red-
denifail tocalions In die US. and The Ncthcrtands. bifonua-
Ifon on the VS. residences Is from the Nationd Human 
Exposure Assessment Survey (NHBJMS) Involving six Mid
western states(//)anda8tudiyofPbconlamhiadonhivohrlng 
residences in Sacramento, CA (ifl). Reditences in Tbe 
NeUieriands were from a nelgliboriiood neara secondary Pb 
smdter in (lie cKy of Amliera (120. A dctaUcd description of 
dw multfanedla sampling performed Ibr each study fai 
provided In the Supporting Infonnation. 

Rosulls nnd DisiMssion 
Tiransport Parameters. We used monitoring data collected 
fortheNHBXASMldivcstandAmhetnresldeiicestocstlmate 
bolh building (i A . peiieiraHon rac(or end d r exchange rote) 
and transpori parameters (Le.. resuspension raieand parUde 
deposllkin vdodtfass) uflUzhigcqs 10-14. TlieNHDXAS data 
sot liwhided infonnation on the stiwkbig status of house
holds, wliich WB used to identify nonsmoking iiousdioMs 
dwt liad data on die concentrotfons of As In bolh indoor 
dust and alrbormTSP. Analyses of the rdevant concentration 
data bidicated that (hey can bo represented by kig-normd 
probabliity distributions (see Supporting Infonnation). Tiie 
geometric mean (GM) concentradons of TSP bi hidoor and 
ouldoordrwere2.6 x IO"'and 2.4 x i0~*gm~*,rB8pective]y, 
while the associated As concentrations bi Ihe suspended vi i 
(Qqija and Cb|tji}^vaeIS//gg~'and 27/igg~','I1ie geometric 
mean rate ofdust foil (D^ was 3J) x KT' g n r ' d~' and the 
refaited As content of dust fdl (CU was 7.4 /«g g~'. Tbe dust 
ioadbig on floors (Mn) was OM g ni~*. Clayton et ol. (17) 
csthiiated o medhm concentration of As hi tlw floor dust of 
NHBXAS resklenccs (QO os S.8/(g g~'. For compartson, the 
GM concentration of As in soils (Q) hi tiw eastern VS. b 
4.8 jRg g~' (20)—a factor of S.6 lower than Its concentration 
bidrbome particles. The elevated vdueofCdi^lUcdy reflects 
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tho impact of atmospheric As omfaidons from fossfl fUd 
cuinbtiBlton (21). 

Assuming a cdling lieight of 2.4 m (defauh vahio for oU 
oiulysas) and on air exchange ratoequd to 8.6d~' for houses 
hi die climate zones associated %vilh Midwestern stoles (22), 
(iw eslbnaiod value of P is OM (from eq 1(0. The depodtlon 
velocity for otitdoor-derivcd particles biflltraling tho resl-
donccs (Va) Is equal to 18.6 m d~' (eq 13), whereas dw 
deposilkut vdocKy predicted for resuspended particles K,) 
Is ITS ni d'* (eq 14). Tlw deposKIon velocKy rorTSI>iB (Vh) 
is 107 in d"' and (ho esdmaled resuspension role (R) fai 0.011 
d'* (eq 12). Tho vdue for P Is near Its upper Umh of 1, wlildi 
moans (ha( (ho ambient As-bearing aerosols wore able to 
ofl^livoly peneirate tlw building shells of the residences 
suivoyod. Tlw estimated vdue of to for outdoor-derived 
partides falfai widiln tho rango of 14-26 in d~' reported fai 
Ttialdwr and l4iylon (/) for partides I-S pm in dfaimeter, 
iWilcli currcsponds to the sbws of most cnistai dements in 
ntrboriio parthHiIntos (231. Our estlnwto of v, is also widiin 
(he range of 13S and 234 m d~' (hey reported for (ho kirggr 
jiarttdcs associated with resuspension (Le.. 10-25/im and 
>2S /flit hi diometcr, respedlveiy). We also note that oiur 
recoiisinictod value for R is a daily vdue, and thiis resus
pension rotes for acllvo. nonresting houra of residents wfll 
Iw higlier (24). 
[ The Arnhcm study provided data on the Pb compodtion 
uf indoor and outdoor TSP as woU as buioor dusts for aboul 
IOO iwusos in a dnglo iwighboriwod. Stuity results were 
luulliferonlfaitcd by smoking status of Ilw liousdwids. and 
ilw ratio of TSPb (1.20 X 10~< g nr*) to TSPo (6.40 x tO~* g 
n r ' ) was IM, compared with a rotto of aboirt 1.17 for tho 
sinoko-iVco Mkhvesieni residences. To compensate ibr 
siiwldng emissions, wo divided tho reported dusl fdl rale of 
7.7 X 10~' g n r ' d~' (which is dominated by nistispciuted 
(lust particles) by 107 m d~* (depodtlon vdodly of TSPb for 
tho Midwest jwudiig) tu obtain an adjusted l ^ ' b value of 
7.2 X 10'* g m~'. Wo alio increased the valuo of CbpjM (tom 
2.29 X to* to 3.0 X 10^/Ig g~' to account for Ihe decreased 
iiianofsuspoiMledPM hi bidoordr.The reported GM ioadbig 
ofdust on Ifoors was 0J!55 g m~', whUe the concentrations 
of Pb In floor dust, dust fall nnd TSPo %tfere 482,1.00 x 10>, 
and 0.4 X 10* pn g"'. respectively (see Supporting infonna
tion). 

Tiw reconstnicted Ach vduo for the Amiwin residences 
of 10.8 d"' (ITom eq I) , widi P =: 1 to represent older, 
iKinenargy oflldont liotidng) foUs within dw lOHi and SOth 
percenlUe Ach vducs (7 and 14 d~') reported for a sample 
of Dutch homes (25). Tho computed Indoor depodtlon 
votocKlos (17.8 and 206 m d~' for-Vo and VJ aro coinparal>le 
tu tlw results for tlio NHBXAS roddenccs, but Ihe eslimated 
restisponsion rate of 0.031 d~' Is considerably higher. Oiw 
oxphuuilton for Ihis diiTorenco is the vacuum demiiiig tlwt 
occurred "once every 1 or 2 days" in die Anihom residences 
(10). Vocuumbig produces a signiflcant Increose hi abtwrno 
PM dwt Is greater than )0/ini in dkmieter (28,27i, ond die 
oknroted vahw of V, for tlw Amhem reddonccs may refled 
(ids fiactlonatlon process. Dlflbronces bi the types of flooring 
between Ilw Anihcm ond NHBXAS Midwest residences 
furtlier complicate comparisons between Uw resuspension 
cbaractorlstfaa of tlw hoiislng. In addition, the moss loading 
data for tlio NHOXAS residences wero based on wipe samples 
of fld floor surfaces, but resuspended dust from carpeted 
surfhcos undoubtmfly contributed to bidoor TSP levels as 
well. Carpels rctdn more dust thon bare floora (2(0 ond 
resuspeiidon rates for carpeting ore also greater thon those 
for bare floora (24). 

Kstliitatos of OM Fluxes and Soil Traek-ln. Indoor dust 
fat a mbeture of sofl tracked hito a reddenc'e. PM derived from 
aiiibfanu outdtwr oir, and importoutty, OM inputs fhim 
various sources. A prominent feature of indoor dust fai Its 

OM content, with levds of about 40 wt % In resMenlld 
liousing (3,2th' We estimated Uw values of Pon and T« for tlw 
Midwest reddenccs usfaige((S IS and 16 based on a reference 
OM content of floor dust ((jp) of 0.4 g g' ' : A<i equal to 110 
111*: OM contents uf TSPo (C^ui ond soils {CSD equal to a i 3 
and 0.02'g g~'; respecHvely (see SuppoiUng Infomutfam): 
Cum equd to zero; and otiwr Input parametera as prevtous^ 
deflned. The resulting estimates of Pm and T, are a074 and 
0.099 g d~', respectivdy. The anwunt of soU tracked Into 
reddences, as measured by accumulathinson entry way mats, 
is a complex fuiwllon of housing occupancy, weather and 
soflcondlibnis, etc. (/i,3(0.Ouranoty8isofsoU track-in data 
(see SupporUng Informotion) Indicates tliot o log-narinai 
(listributton with a geometric mean value of 0.1 g d~' 
(geometric standard devfaitfon (GSD) = 3) can be used to 
characlerize soU-to-house transfera via foot trafflc. Hie 
reconstnwted track-In vdue of 0.099 g d~' for the Midwest 
residences compares favorably with Uw vdue based on sofl 
tracking measurements. Less Is knomi about the compodtion 
of OM In house dust on a ivclglit basis, however, skin partides 
and organic fibers appear to be major consdtuents. Por 
example, skin cdls are constanUy shed iirom people (d/) and 
dioy are liigh in N (32), which suggests that exfoliated skbi 
is a potentfail smiree of die devated N content of twtiso dust 
(S9). Scaiuiing dechron microscopy of house dust samples 
has shown that dust contains many fiiwra ranging from less 
tlian 10 to over 100/nn in sface. wiifarh aro largely destroyed 
using lilgli-lempcratore oxidation—lndk»tliig that they are 
predominantly organic In compodtton (jl4). 

Contaminant Inputs and RemovaL AccumulaUon of 
contambtants on floon and otiwr surfaces depends on the 
magnitude of contaminant inputs lo a residence and 
sut^equeiit removd by deaning and exhalation of restis-
pendedpartfa:les Ihnn tiwbuading.Weused tlwinput-output 
refaitloiishlps deflned in eqs 6-9 dong wIUi tho As medio 
conconlratlons. and the transport and houdng parameters 
devefoped for the Midivest reddenccs to detemiine As inputs 
to ond outputs (rom dwir floor suriaces. SoH (radc-In 
occowUed for 0.48 /ig d"* of As Input to floois. while flow 
dopodrion of As hi outdoor PM derived fhim bifiltroUon 
amounted toQ£7/igd~*(58%ortotal).TIwprimary parameter 
controlUng removal of floor dust fai the cfasonlng loss rate 
(CLN), equal to 0iN)S3d-' (derived iroincq 1). Tlw assodated 
reddence tbiw of floor partides (r = (R -f CLN)~') is 61 d. 
wlifa:h is less than on 85 d residence tbne based on 0 dmulded 
weekly deonfaig scenario presented bi QIan ct aL (i<0, but 
greater llian a 29 (dbl) d reddence Ume given in Allott et aL 
(9 for 0 Iwuse in the U X where vacuwn deanbig occurred 
on dnwst a dafly basis. Significantly, over 80% of tiw As-
beariiigfloor dust was removed by deaning. Aldiough particle 
resuspenston and tlwn buUding exhalation to outdoor dr 
consUlutes a relatively minor removal pathway for floor 
particfais, resuspenslon-deposKfon serves as the primaiy 
redfaitribution medimilsm of floor dust and contomlnonts in 
l)w Indoor onvlronment-accounttng for more than 90% of 
Uw depodUon flux of particles. Meyer et oL (35) found that 
dust foading rates hi a sample of German reddences were 
dbectly related to Uw number of occupants, supporthig die 
ibikoge between rcsuspensfam and dcposIUmi processes. 

Sutton ot aL (iQ conducted a study of Pb contamination 
at residences In liis Angeles, OaUand, ond Sacramento. CA. 
from 1987 to 1991 and found that Pb in paint was a poor 
predictor of Pb in Indoor dust. To evduate tbe potentkd 
magnitude of Pb In outdoor air as an alternative source of 
PbInthcSacramentoreddenccs,wereooiistnidcdthcbiputs 
of driwriw Pb to floora (IN,i,) and Inputs of Pb from sdl 
(rack-in (INiott) for Uie yeara 1902 and 1992. These years 
encompass a period dining wlildi Pb emisdons to dw 
aimos|ilwro decreased dgniflcontly due (o the phase-out of 
leaded gasoline. Parameter vdues for Ach. P. An. and 9. used 
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Soil liick-ln O.OS f d 

soil tratkin 0,11 d ' 

Soil t iatkin 0.2 ( d ' 

1982 1992 

.^ue. 
FIQUDE 2. nocoiislruolloii of Iho oonlrlbii l iaiu of outdoor sir Pb to total Pb In floor dust (or threo scenarios of soli track-In to 
Snorainonio rosliloncos, 

10 coinputo IN.i, (eq 6) nro 11 ti ', 1; 110 ln^ nticl IU m d ' \ 
reapucllvely, vvhllu thu values of CJi, for 19U2 niid 1992 arc 
U.3U niul 0.020 /Ig nr-' (sec Supporling Inrorniallon). The 
resulting cstlii)nle.s for IN^, dropped from 350/<g d ' in 1982 
lo24(5d"'lu 1992.To hriickol llie inngeofsoil trnck-ln rates, 
wo used intcs of 0.05, O.l, and 0.2 g d~'. With CJ equal to 234 
/igg"' (/fl), the nltornnllvo lNi„,k vnluesnre 12,23, nnd 47/ig 
d ' of I'b. I'lgurc 2 plots the fractions of totnl I'b input to 
floors nltrlbulublc to I'b derived from outdoor air (l.c, 1N,|, 
+ (IN„„i H IN,i,)). Alrl)ornc Inputs of I'l) lo (loors In 19U2 
wiiro likely derlvcti from both direct nutoniotlvc omissions 
a.s well ns secondary emissions from soil rcsus|)ei)3lon (^Q. 
Iiy I9!)2, though, soli resuspension nlone could account for 
nii'bornu I'b bccnuso Ihe associated resuspension faclor of 
1 X 10" in ' calculated from c«i 17 (with Qi, equal to 0,020 
/(g 111"' and Cf,mjual to 1.9 x 10'/(g nr^ based on CJ = 234 
im i r ' (/fl), (I = 0,05 111, and p = I.G X 10" g nr^ (37)) is 
cunslstont with nn aged soil souicc (/6). 

Uiiccrlnliity/Seiislllvlty Annlyses. Vurintion in the con-
cuntratluns ofan Inoigaiiic substance In house dust depends 
largely on the iiatuie nnd niiignltude of Its sources togetiier 
with modirying factors involving occupant ciiaracteristics as 
well as dust and building properties. To illustrate, lead loading 
on floors isa key determinant of blood-lead levels In children 
{7)nm\ because coiitaiiilnnnt loading (Wfi) Is the product of 
M(i and Cfi, Ihe variability in Wfi is a function of the variances 
In Ihu two in|)Ut pniainuters. Assuming thnt Qi and Mn are 
siaiisiically indupciuiciU nnd log-norinaily distributed, the 
variance In Wfi is equal lo (In GSD Wfi)̂  = (hi GSD Qi)^ + 
(hi USD M(i)', TliD GSDs of Wfi and Cfi for Pb In the dusts of 
the Sacramento residences were 4.4 and 2.3, respectively 
(/«), and thus the GSD ofMn Is cnlculated as 3.4. Based on 
llie.sc GSD values, 0(1% of the variance In Wfi is accounted 
for by tlie variability in Mn aiul the remaining 32% is 
associated with Cf |. This apportloningofvnrlniice is consistent 
with Ihe duininatU role of human factors in controlling Mn 
via soil track-In, OM iitixcs, resuspension, nnd cleaning 
activities. 

'I'o nnnly/x> Ihu influence of model parnmuturs on Wfi as 
well ns tlie As contonl In dusl fnll, wo conducted sensitivity 
nnalyses of the cliniiges In these puramoters using dnin for 
tlic Midwest residences, Tho analyses arc bnsed on low-to-
high deviations from basu-cnso values for tiie relevant input 

parnineteis. Por all of the model paininetcrs except I', we 
used the lOlh and 90th percentiles ofthe parainetcr-spcciilc 
log-norniHl distributions to represent tlic low nnd liigii values, 
while tlie GM defined tlie base-case values (see Suiiporling 
Information for parameter values). We .issigned a I' valuo of 
0.95 for the base case nnd 1 for its u|)pcr liinit, and used a 
value of 0.9 to define the lower limit. As siiown in Figure 3, 
the cleaning rate is the most liiiporlaiil parameter coiilroliing 
Wfl (calculated using eq 4 for Cfi and etj 5 for Mn) due in pari 
to our specllicatlon of a broad spectrum of cleaning rates. 
Soil track-in Is anotiier liuinnn-related parameter tliat exerts 
a strong iiiQucnce on As nccuinulatlon on floors. Additlonni 
parameters controlling Wfi listed in order of importnnce nre 
tiie concentrntioii of As in soil, the resuspension rate. As in 
outdoor'ISP, and fioor aren. Interestingly, Wfi is Insensitive 
to clianges in the fiux of OM to floors because it siinulln-
neously reduces tiic As concenlrntlon in fioor dust (by 
dilution) nnd Incrcnses dust loading. In contrast, the As 
content of dust fall (from eq 3) is most sensitive to clianges 
ill tiie measured As content of floor dust (and indirectiy its 
controlling paiamctcrs such as soii (rack-in, OM loading, 
etc.), rcsuspcnsion-relaled parameters (i.e., R and Mn). and 
parameters involving llie airborne transfer ofAs to liie indoor 
cnvlroniuent (i.e., Cf̂ , „, Acli, and TSI'o)-

ParamctcrCharacterlzatloii. All Important consideration 
regarding soil track-in is the frnctiuiintlon cnused by dif-
fcrcntlnl particle ndherencc to nnd deposition from footwear 
because it can produce a significant misallgniiient between 
the concontration of a contaminant measured in ouidoor 
soil and In tlie soil actually tracked indoors (30, 39). Dust 
adhering to soles of tlic footwear of people entering a 
museuiTi, for example, exhibited a biniodal distribution with 
peaks at 20 and 64 /(111, vvli lie t lie greatest depict Ion of part ides 
(measured on exiting the museum) was hi tiie 50-C4 /MU in 
size range, with sinallor losses extending to about 150//m 
(30). The mass transfer of a soil contaminant on footwear 
will tluis depend un the chemical content of such "trackable" 
particles, which Is controileil in part by tlio sourcc(s) ofsoil 
contaniination. 

Infonnation on soil and dust transport processes as well 
as data on particle adherence to iiands supports the use of 
two basic particle size classes to characterize soils and dusts: 
a fine frncllon consisting of panicles sOO/nn in size and a 
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A« aHaiUuiiaUilLutucL 
nQUilE X Soosilivilv onoiysls o> tbo paromelsn oooUolilog the (a) piodloleil levei of As loodhifl oa Ooeis lor Midimsl tesldeaess 
oini (b) (bo oonooobolioa of As in ihisl tail. IModei respoosos ere dstomdned (ar law ood lUgb valeos of tapul pannieterai, as 
lissorlbod to (bo Sappoidno IntotomllaB. 

coarse fhicdon >00 to ISO/tm. Poiticles in tiio (Ine fraction 
preforontioliy odhere to iiands HO, 41) and footiveor.-ond 
impoHontly, Ihey cobicldo with the resuspendoblo dust 
potttdos on (loor sinioces. Moreover, Itdivards et oL ( ^ ibund 
tliot more tlion 99% ofthe dust partides deposited on glass 
dides placed bi four Now Jersejr houses were under SO pm 
in sizo. Pcposltlon veiodlles colaiiatcd for resuspended diist 
iu liu) NllDXAS Midwest and Amhem resklenccs ((.e^ 175 
and 200 m d'*) colnddo with these particle sfaces as weL Use 
of llie 60 /nil cut point denuircatbig fine particles is also 
conslstonl with resuspenston exporitnonts conducted with 
bulk sod samples that demonstrate that soli sb» fractions 
<73 pm produce the hlgtiest yields of suspended I'M less 
thon 10 pm in aerodynamic diameter 143). 

Altliougli potttele adheronco (o skin and resuspenston 
IxMenliol of (lu> coorso Ihictloii of soUs/dusts ore less (lun fbr 
(Iw ibio (hiciton, die coarse particles may sldl be bnporiont 
(runi on espoatre stondpobit in coses where a contaminant is 
urofiminlially omidied on tlicin 144). Cooisc particles trodocd 
into a rcsidoico ore rcdislribiited on floor suiihccs otong wlUi 
Ihe liner droction by foot irofnc (4S) ond togother tiiese iivo 
(Iraclionsaccmmt for over 60%of tile dust iiinss on (loon(4ft 47). 
The concentnitlons ond parlfcie masses ossodoted with tiio 
two size (hicllans con be used to calculate moss-ivelglited 
cuncentrottons rcqnesonling model parameters (e,g„ c ; and 
CM. 

Ol w bcnoilt of tlio dusl nuxid is (bat It estoblblies tho utiilly 
of meosiubig both outdoor TSP ond Its composltlmi otong wilh 
s(iil ooiistUuonls to simulate indoor dust contomlnatlon. 
I lerBtoforo, relollonslilps between diiit contombiants, nsbitod 
liumnn oxposures, and ouidoor contaminants hove been 
ovahioled iiiobily by empirical methods 14B, 49. Because ob 
aiui soO (rack-in transport patliways can now be analyxcd tn 
tenns of tlioir indhriduol contrlbultons to dusl contomlnatfon, 

risk-nioiiagDment strategies tliot ore potinvny specific can also 
be devised./Ulditionaily, the dustmodel OS currently formulated 
provides the context ibr bivcstlgaling data gaps concerning 
rdationsiilps bchvcen huinan-retoled factors ( a ^ itousehoM 
demograpliks, deaning practfces and methods, etc), liousbig 
properttra (e,g.. floor area and covorfaif^ Indoor (umlshingB. 
eic) and dust contombiatton. Puitlier sludles arc needed as 
wdl lo evahiato altcniotlve sainplb^ methods for deleraibibig 
tho omount of resuspendable dust on various floor suifiices, 
dusl (all rates, and iinpoitontly, die duraUon/flcqucncy of 
sampUng needed to capture (Ime-vaiyfaig (eg., seasonal) 
changes bi dus( levels anid conbimlnallon. 
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